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that  my  technical  report  may  not  have  been  received,  or  may  not  have  been 
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made  in  the  1992/1993  fiscal  year.  A  the  end  of  the  article  are  listed  six 
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a  checkmark  next  to.  I  also  enclose  a  more  lengthy  description  of  some 

additional  experiments,  and  a  list  of  the  additional  publications  in  the 
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Progress  Report  1992/1993  AFQSR. 

In  situ  hybridization  was  used  to  study  the  ionotropic  subtypes  of  the 
glutamate  receptor  in  the  rat  hypothalamus,  particularly  in  the 
suprachiasmatic  nucleus.  Widespread  expression  of  AMPA,  kainate,  and  M4DA 
receptor  RNA  was  found  in  the  hypothalamus.  GluRl  and  GluR2  were  among  the 
most  strongly  expressed  of  the  non-NMDA  ionotropic  receptors .  Other  AMPA- 
preferring  receptors,  GluR3  and  -R4,  were  also  found,  but  to  a  lesser  extent. 
Scattered  cells  expressed  the  kainate -preferring  receptors  Glu-R5  and  -R6. 
Little  GluR7  was  found  in  the  hypothalamus.  The  N-methyl  d- aspartate 
receptor,  NMDAR1,  was  detected  throughout  the  hypothalamus.  In  many  regions  of 
the  hypothalamus,  only  scattered  cells  shewed  detectable  expression  of  the 
glutamate  receptor  mRNA  as  detected  by  autoradiographic  silver  grains  over 
neurons;  unlabeled  cells  were  mixed  among  labeled  cells.  Every  region  of  the 
hypothalamus  including  the  suprachiasmatic  nucleus  had  several  different 
glutamate  receptors.  The  expression  of  many  different  types  of  ionotropic 
glutamate  receptors  throughout  the  hypothalamus  suggests  that  multiple  modes 
of  ion  channel  regulation  by  glutamate  probably  operate  here,  and  provides 
further  support  for  the  inport ance  of  the  excitatory  transmitter  glutamate  in 
hypothalamic  regulation. 

Glutamate  and  regulation  of  circadian  rhythms.  The  SCN  functions  as  the 
circadian  clock  in  the  mammalian  brain.  The  retinosuprachiasmatic  pathway  is 
the  primary  mode  of  sensory  information  into  the  hypothalamus  that  allows  the 
endogenous  circadian  clock  to  be  phase  shifted  in  response  to  photic 
stimulation.  A  growing  body  of  evidence  supports  the  conclusion  that  glutamate 
is  the  primary  transmitter  of  this  retinal  projection  to  the  hypothalamus. 
This  is  based  on  observations  that:  glutamate  is  released  upon  stimulation  of 
the  optic  nerves  (Liou  et  al, 1986) ,  the  response  to  retinal  or  optic  nerve 
stimulation  is  excitatory  (Shibata  et  al,'84;'86;  Gnoos  and  Meijer, '85;  Miller 
et  al,'87) ,  glutamate  immunoreact ivity  is  found  in  presynaptic  axons  in  the 
cptic  nerve  and  SCN  (van  den  Pol  et  al,  '92) ,  and  blocking  glutamate  receptors 
eliminates  the  response  of  SCN  cells  to  retinal  or  cptic  ,  nerve  stimulation 
(Cahill  and  Menaker, '89;  Kim  and  Dudek,  '92) .  In  our  in  situ  hybridization 
studies  we  find  that  a  number  of  glutamate  receptors  are  expressed  in  the  SCN, 
including  subtypes  from  the  AMPA,  kainate,  and  the  MCA  families,  suggesting 
that  at  the  level  of  the  receptor /channel  in  the  membrane,  a  number  of 
different  physiological  responses  to  light  would  be  expected,  depending  on  the 
expression  of  the  different  receptors  in  individual  cells. 
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Glutamate  and  GABA  Presence  and  Action  in  the 
Suprachiasmatic  Nucleus 

Anthony  N.  van  dan  Pol 

Section  of  Neurosurgery,  Yale  University  School  of  Medicine, 

New  Haven,  Connecticut  06510 

Abstract  Glutamate  and  y-aminobutyrate  (GABA)  are  two  neurotransmitters  that  appear  to  play  an 
important  role  in  the  hypothalamic  suprachiasmatic  nucleus  (SCN)  and  in  the  adjacent  areas  of  the 
medial  hypothalamus.  Converging  evidence  based  on  ultrastructural  immunocytochemistry,  molecular 
biology,  calcium  imaging,  and  electrophysiology  suggests  not  only  that  GABA  and  glutamate  are  used 
for  inhibitory  and  excitatory  activity,  respectively,  in  this  region  of  the  rat  brain,  but  that  these  two 
fast-acting  amino  acids  may  account  for  the  majority  of  neurotransmission  there. 

Key  words  calcium,  NMDA,  glutamate  receptor,  astrocyte,  retinohypoihaJamic,  peptide 
colocalization 


ULTRASTRUCTURAL  IMMUNOCYTOCHEMISTRY 

Studies  using  immunocytochemistry  and  in  situ  hybridization  indicate  that  y-aminobutyrate 
(GABA),  an  inhibitory  transmitter,  and  its  synthesizing  enzyme,  glutamate  decarboxylase, 
appear  to  exist  in  the  majority  of  suprachiasmatic  nucleus  (SCN)  neurons  (Tappaz  et  al., 
1983;  Card  and  Moore,  1984;  van  den  Pol  and  Tsujimoto,  1985;  Okamura  et  al.,  1989; 
Moore  and  Speh,  1993).  Functionally,  administration  of  GABA  agonists  has  been  reported 
to  phase-shift  the  circadian  rhythm  (Smith  et  al.,  1989).  That  GABA  is  physiologically  an 
important  transminer  in  the  SCN  has  been  demonstrated  with  GABA  antagonists;  virtually 
all  the  inhibitory  postsynaptic  potentials  are  absent  after  blockade  with  the  GABA  antagonist 
bicuculline  (Kim  and  Dudek,  1992).  On  the  basis  of  ultrastructural  postembedding  immuno- 
gold  staining,  GABA  immunoreactivity  was  found  in  about  half  of  all  presynaptic  endings 
in  the  SCN,  as  elsewhere  in  the  medial  hypothalamus.  Similar  results  with  pre-embedding 
ultrastructural  cytochemistry  were  found  with  antiserum  against  glutamate  decarboxylase 
(Decavel  and  van  den  Pol,  1990). 

Glutamate  appears  to  be  the  primary  active  transmitter  in  the  retinal  projection  to  the 
SCN,  and  therefore  may  play  an  important  role  in  the  phase  shift  of  the  circadian  clock  in 
response  to  environmental  light  cues.  Physiological  studies  of  the  retinal  input  to  the  SCN 
have  indicated  that  glutamate  may  be  released  from  optic  nerves  (Liou  et  al.,  1986),  and 
that  physiological  responses  of  SCN  cells  to  optic  nerve  or  retinal  stimulation  can  be  blocked 
by  glutamate  receptor  blockers  (Shibata  et  al.,  1986;  Cahill  and  Menaker,  1987,  1989;  Kim 
and  Dudek,  1991). 

To  address  the  question  of  whether  glutamate  is  present  in  SCN  axons,  antisera  w-ere 
raised  against  glutamate,  and  antiserum  specificity  was  confirmed  with  enzyme-linked  immuno¬ 
sorbent  assay  (ELISA),  immunodot  blot,  Sepharose  beads  conjugated  with  amino  acids,  and 

1.  Address  for  correspondence:  Section  of  Neurosurgery,  Yale  University  School  of  Medicine,  333  Cedar  St., 
New  Haven,  Connecticut  06510. 
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Western  blots.  Axons  were  found  in  the  SCN  that  demonstrated  high  levels  of  glutamate 
immunoreactivity,  as  revealed  by  high  densities  of  immunogoid  panicles  in  some  axons  (van 
den  Pol,  1991a).  Some  axons  in  the  optic  chiasm  ventral  to  the  SCN  were  also  immunoreac- 
tive  for  glutamate.  Immunogoid  ultrastructural  cytochemistry  showed  that  glutamate-immu- 
noreactive  axons  in  synaptic  contact  with  SCN  dendrites  were  surrounded  by  astrocytes, 
effectively  isolating  the  synaptic  complex  from  other  neurons,  and  reducing  diffusion  of 
neurotransmitter  from  the  synaptic  complex. 

To  study  the  ultrastructure  of  axons  with  high  levels  of  immunoreactivity  for  GABA 
and  glutamate,  we  performed  postembedding  immunogoid  staining.  Consistent  with  earlier 
suggestions  that  synaptic  specializations  associated  with  excitatory  axons  were  different  from 
those  associated  with  inhibitory  axons,  synaptic  specializations  of  GABA-immunoreactive 
presynaptic  boutons  were  generally  symmetrical,  whereas  synapses  associated  with  boutons 
containing  high  levels  of  glutamate  immunoreactivity  were  generally  asymmetrical.  A  small 
percentage  of  presynaptic  boutons  did  not  conform  to  the  expected  morphological  characteris¬ 
tics  for  a  particular  transmitter.  On  the  basis  of  reconstruction  of  serial  ultrathin  sections 
through  many  individual  boutons,  GABA-immunoreactive  (Decavel  and  van  den  Pol,  1990, 
1992)  and  glutamate-immunoreactive  (van  den  Pol,  1991a)  presynaptic  axonal  endings  con¬ 
sistently  had  both  clear  and  dense-core  vesicles,  suggesting  colocalization  of  peptides  with 
these  amino  acids  throughout  the  SCN  and  surrounding  hypothalamus. 

A  schematic  diagram  of  some  possible  glutamate  and  GABA  efferents  and  afferents  is 
depicted  in  Figure  1 . 

IN  SITU  HYBRIDIZATION 

To  complement  the  localization  of  glutamate  immunoreactivity  in  the  SCN,  we  investigated 
the  existence  of  glutamate  receptors  with  in  situ  hybridization,  patch  clamp  recording,  and 
calcium  imaging.  Glutamate  receptor  gene  expression  was  studied  w  ith  in  situ  hybridization. 


Figure  1.  Based  on  anatomical,  cytochemical,  and  electrophysiological  data  (see  also  Dudek  et  al., 
this  issue),  some  possible  efferents  and  afferents  of  the  SCN  that  utilize  GABA  or  glutamate  are 
shown.  Other  transmitters  and  colocalized  peptides  are  also  found  in  the  SCN,  but  are  not  shown  in 
this  diagram.  Supporting  citations  are  found  in  the  text.  1GL,  intergeniculate  leaflet. 


GLUTAMATE  AND  GABA  IN  THE  SCN 


using  [jSSJlabcled  complementary  RNA  coding  for  different  subunits  of  the  glutamate  recep¬ 
tor  gene  (Hollmann  et  al.,  1989;  Bettler  et  a)  ,  1990;  Boulter  el  al.,  1990;  Keinanen  et  a!., 
1990).  GIuRl,  -R2,  -R4,  -K5,  and  -R6,  representing  subtypes  of  the  ot-amino-3-hydroxy- 
5-methyl-4-isoxazolcpropionic  acid  (AMPA)  and  kainate  families  of  glutamate  receptors, 
were  weakly  expressed  in  the  SCN,  with  some  differences  in  grain  density  in  different 
regions  of  the  nucleus  (van  den  Pol  et  al.,  1992b).  The  A?-methyl-D-aspartate  (NMDA) 
receptor  NMDAR1  was  also  expressed  by  SCN  neurons,  as  detected  by  in  situ  hybridization 
(van  den  Pol  et  al.,  1993a).  There  was  also  a  low  level  of  expression  of  the  metabotropic 
glutamate  receptor  mGluRla  (van  den  Pol  ct  al..  1993b). 

PATCH  CLAMP  RECORDING 

Whole-cell  patch  clamp  recordings  from  monolayer  cultures  of  medial  hypothalamus  that 
included  the  SCN,  but  were  not  restricted  to  it,  revealed  the  widespread  presence  of  both 
functional  NMDA  and  non-NMDA  types  of  glutamate  receptors.  In  90%  of  the  voltage- 
clamped  neurons  tested,  an  NMDA-induced  inward  current  was  detected.  Non-NMDA  recep¬ 
tors  accounted  for  most  of  the  depolarization  in  glutamate-treated  current-clamped  neurons 
(van  den  Pol  and  Trombley,  1993).  A  similar  predominance  of  non-NMDA  receptors  was 
found  in  slices  of  adult  rat  neuroendocrine  hypothalamus  in  the  arcuate  and  paraventricular 
nuclei  studied  with  sharp  electrodes  (van  den  Pol  et  al.,  1990).  Al!  medial  hypothalamic 
neurons  tested  in  vitro  with  patch  clamp  recording  had  functional  glutamate  receptors. 

Excitatory  postsynaptic  potentials  (EPSPs)  were  recorded  from  single  neurons  and 
simultaneously  from  pairs  of  cultured  current-clamped  medial  hypothalamic  neurons. 
Blocking  NMDA  and  non-NMDA  glutamate  receptors  with  </,/-2-amino-phosphonovaleric 
acid  (100  p.M  AP5)  and  cyano-2,3-dihydroxy-7-nitroquinoxaline  (3  p.M  CNQX)  reduced  the 
EPSPs  in  all  neurons  tested,  suggesting  not  only  that  these  cells  maintain  glutamate  receptors, 
but  that  medial  hypothalamic  cells  release  glutamate  as  an  excitatory  neurotransminer.  We 
found  that  almost  all  of  the  spontaneous  or  evoked  excitatory  activity  in  medial  hypothalamic 
cultures  could  be  blocked  by  glutamate  receptor  antagonists,  suggesting  the  widespread 
release  of  transmitter  glutamate  by  hypothalamic  neurons.  Given  the  incidence  of  GABA 
in  most  SCN  perikarya,  it  appears  unlikely  that  many  SCN  cells  themselves  would  release 
glutamate. 

CALCIUM  DIGITAL  IMAGING 
NEURONS 

Ca:+  imaging  dyes  fluo-3  and  fura-2  were  used  with  digital  video  microscopy  to  study  Ca2+ 
fluxes  in  response  to  glutamate  and  GABA.  SCN  neurons  in  dispersed  cultures  showed  Ca:  + 
rises  in  response  to  the  glutamate  agonists  kainate,  quisqualate,  and  NMDA,  and  to  glutamate. 
Neurons  sometimes  showed  spontaneous  ultradian  oscillations;  most  of  these  w'ere  irregular 
in  period  length.  Some  neurons  showed  regular  oscillations  w-ith  periods  in  the  range  of 
10-30  sec;  the  amplitude  of  the  Ca:+  peaks  in  these  oscillating  neurons  could  be  increased 
with  addition  of  glutamate,  or  could  be  blocked  by  the  addition  of  GABA. 

In  cultures  of  medial  hypothalamic  neurons,  calcium  levels,  elevated  as  a  result  of  the 
putative  release  of  glutamate  from  other  hypothalamic  neurons,  were  decreased  by  the 
addition  of  the  glutamate  blockers  AP5  and  CNQX  to  the  perfusion  buffer  (van  den  Pol  and 
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Trombley,  1993).  These  experiments  provide  further  support  for  the  idea  that  hypothalamic 
neurons  release  glutamate  as  an  excitatory  transmitter. 

GUA 

SCN  astroglia  routinely  showed  regular  ultradian  oscillations  with  periods  in  the  range  of 
10-20  sec  in  response  to  glutamate,  as  well  as  to  serotonin  and  extracellular  adenosine 
triphosphate.  Long-distance  astrocyte  signaling,  probably  via  astrocytic  gap  junctions,  could 
be  elicited  with  glutamate  application  to  dispersed  cells  or  organotypic  slices  of  SCN  in  the 
microscope  perfusion  chamber.  Confocal  scanning  laser-microscopic  analysis  of  SCN  roller 
tube  explants  showed  that  some  astroglia  had  very  regular  endogenous  Ca2+  ultradian  oscilla¬ 
tions  with  relatively  long  periods  (1-2  min)  (van  den  Pol  et  a!.,  1992a).  Cytochemically, 
SCN  astrocytes  are  different  from  those  in  the  surrouding  hypothalamus,  in  that  the  general 
level  of  glial  fibrillary  acidic  protein  is  greater  within  the  SCN  than  outside  it  (Morin  et  al., 
1989),  despite  the  fact  that  the  relative  number  of  astrocytes  in  the  SCN  is  small  (van  den 
Pol  et  al.,  1992a).  Possible  mechanisms  by  which  astrocytes  might  influence  SCN  neuronal 
activity  include  regulation  of  extracellular  potassium  or  calcium,  or  arachidonic  acid  modula¬ 
tion,  as  described  in  detail  elsewhere  (van  den  Pol  et  al.,  1992a;  van  den  Pol  and  Dudek, 
1993). 

CONCLUSION 

Together,  these  data  support  a  prominent  role  for  the  amino  acid  transmitters  glutamate  and 
GABA  in  SCN  function.  Many  other  neuroactive  substances  can  also  be  found  in  the  SCN, 
as  a  number  of  investigators  have  demonstrated  (Sofroniew  and  Weindl,  1978;  Card  et  al., 
1981;  Card  and  Moore,  1984;  van  den  Pol  and  Tsujimoto,  1985;  see  van  den  Pol,  1991b, 
and  van  den  Pol  and  Dudek,  1993,  for  a  review),  and  neuropeptides  administered  to  the 
SCN  can  cause  phase  shifts  in  the  circadian  rhythms  (Albers  et  al.,  1991).  A  major  role  for 
neuroactive  peptides  localized  in  the  SCN  may  be  to  modulate  the  activity  of  GABA-ergic 
and  glutamatergic  postsynaptic  responses,  similar  to  the  modulatory  role  of  dopamine  in  the 
facilitation  of  glutamate  responses  in  the  retina  (Knapp  and  Dowling,  1987). 


ACKNOWLEDGMENT 

The  work  -'escribed  in  this  review  was  supported  by  the  Air  Force  Office  of  Scientific  Research.  Section  of 
Chronobiology,  and  by  N1H  Gram  No.  NS  16296. 


REFERENCES 

Auers,  H.  E.,  S.  Y.  Ltou,  E.  G.  Stopa,  and  R.  T. 
Zofij.fr  (1991)  Interaction  of  colocaJized  neuropep¬ 
tides:  Functional  significance  in  the  circadian  timing 
system.  J.  Neurosci.  //:  846-  851. 

Bettler,  B.,  J.  Boulter.  I.  Hermans-Borgmeyer,  A. 
O'Shea-Greenfield,  E.  S.  Deneris,  C.  Moll.  U. 
Borgmeyer,  M.  Hollmann,  and  S.  Hejnemann 
(1990)  Cloning  of  a  novel  glutamate  receptor  subunit, 
GluR5:  Expression  in  the  nervous  system  and  during 
development.  Neuron  5:  583-595. 

S14 


Boulter,  J.,  M.  Hollmann,  A.  O’Shea-Grjeentield, 
M.  Hartley,  E.  Denerjs,  C.  Maron,  and  S.  Heine- 
mann  (1990)  Molecular  cloning  and  functional  ex¬ 
pression  of  glutamate  receptor  subunit  genes.  Science 
249 :  1033-1037. 

Cahill,  G.  M.,  and  M.  Menaker  (1987)  Kynurenic 
acid  blocks  suprachiasmatic  nucleus  responses  to  op¬ 
tic  nerve  stimulation.  Brain  Res.  410:  125-129. 

Cahill,  G.  M.,  and  M.  Menaker  (1989)  Effects  of 
excitatory  amino  acid  receptor  antagonists  and  ago- 


GLUTAMATE  AND  GABA  IN  Kit  bCN 


tazu  i«i  sapiUiSiiasHtaiic  iiiiclcui.  responses  to  reiino- 
LypotLalaroic  tract  volleys.  Brain  Res.  479:  76-82. 
Card,  J.  P  ,  N.  Ducat  a.  H.  J.  Karten,  and  R.  Y. 
Moore  (I'lHl)  Immunocytochemical  localisation  of 
vasoactive  intestinal  polypeptide-containing  tells  and 
processes  in  the  suprachiasmalic  nucleus  of  the  rat: 
Light  and  electron  microscopic  analysis.  J.  Neurosci 
I:  1289-  1.103.  — 

Card,  J.  P.,  and  R.  Y.  Moore  (1984)  The  suprachias- 
malic  nucleus  of  tiie  golden  hamster:  Immunohisto- 
chemical  analysis  of  cell  and  fiber  distribution.  Neuro¬ 
science  13:  415  -43 1 . 

Dicavel,  C.,  and  A.  N.  van  dln  Pol  (1990)  GABA: 

A  dominant  transmitter  in  the  hypothalamus.  J 
Comp.  Neurol.  302:  1019-1037. 

Duavel,  C  ,  and  A.  N.  van  den  Pcl  (1992)  Converg¬ 
ing  GABA-  and  glutamatc-immunoreactive  axons 
make  synaptic  contact  with  identified  hypothalamic 
neurosecretory  neurons.  J.  Comp.  Neurol.  316. 
104-  1 16. 

IICLLMANN,  M.,  A.  O'ShEA-GrEENFTELD.  E.  S.  DE- 
f.ERis,  T.  R.  Hughes,  G.  P.  Gas:c,  and  S.  Heinemasn 
(1989)  Cloning  by  functional  expression  of  a  member 
of  the  glutamate  receptor  family.  Nature  342: 
643-648. 

Keinanen.  K.,  W.  Wisden,  B.  Sommer.  P.  Werner. 
A.  Herb.  T.  A.  Verdoorn,  B.  Sakmann.  and  P.  H. 
Seeoerg  (1990)  A  family  of  AMPA-selec’.ive  gluta¬ 
mate  receptors.  Science  249 :  556-560. 

Kim.  Y.  I.,  and  F.  E.  Dudek  (1991)  Intracellular  electro- 
physiological  study  of  suprachiasmalic  nucleus  neu¬ 
rones  in  rodents:  Excitatory  synaptic  mechanisms.  1. 
Physiol.  (Lond.)444:  269-287. 

Klm,  Y.  I.,  and  F.  E.  Dudek  (1992)  Intracellular  electro- 
physiological  study  of  suprachiasmalic  nucleus  neu¬ 
rons  in  rodents:  Inhibitory  synaptic  mechanisms.  J. 
Physiol.  (Lond.)  458:  247  -  260. 

Knapp.  A.  G..  and  J.  E.  Dowling  (1987)  Dopamine 
enhances  excitatory  amino  acid-gated  conductances 
in  retinal  horizontal  cells.  Nature  325:  437-439. 
Ltou,  S.  Y.,  S.  Shibata,  K.  Iwasaki,  and  S.  Uek< 
(1986)  Optic  nerve  stimulation-induced  increase  of 
release  of  ’H-glutamate  and  3H-aspartate  but  not 
3H-GABA  from  the  suprachiasmalic  nucleus  in  slices 
of  rat  hypothalamus.  Brain  Res.  Bull.  16:  527-531. 
Moore.  R.  Y.,  and  J.  C.  Speh  (1993)  GABA  is  the 
principal  neurotransminer  of  the  circadian  system. 
Neurosci.  Lett.  150:  112-116.  — 

Morin.  L.  P.,  R.  F.  Johnson,  and  R.  Y.  Moore  (19S9) 
Two  brain  nuclei  controlling  circadian  rhythms  are 
identified  by  GFAP  immunoreaclivity  in  hamsters  and 
rats.  Neurosci.  Lett.  99:  5^ -60. 

Okamura,  H.,  A.  Berod,  J.  F.  Julien,  M.  Geffard, 
K.  Kitahama,  J.  Mallet,  and  P.  Bobillier  (1989) 
Demonstration  of  GABAergic  cell  bodies  in  the  supra- 
chiasmatic  nucleus:  In  situ  hybridization  of  glutamic 
acid  decarboxylase  (GAD)  mRNA  and  immunocyto- 
chemistry  of  GAD  and  GABA.  Neurosci.  Lett 
102:  131-136. 

Shibata,  S..  S.  Y.  Liou,  and  S.  L’lki  (1986)  Influence 


of  excitatory  ammo  acid  receptor  antagonists  and  ol 
baclofen  on  synaptic  transmission  in  the  optic  nerve 
to  the  suprachiasmalic  nucleus  in  slices  of  rat  hypo- 
ih.'amus.  Neuropharmacology  25:  403-409. 

Smit,:.  R.  D..  S.  Inouye.  and  F.  W.  Turlk  (1989) 
Central  administration  of  muscimol  phase  shifts  the 
mammalian  circadian  clock.  J.  Comp.  Physiol.  164: 
805-814. 

Son;  stew,  M.  V.,  and  A.  Wejndl  (1978)  Projections 
from  the  parvocellular  vasopressin-  and  ncurophysir.- 
cc  Gaining  neurons  of  the  suprachiasmalic  nucleus. 
Am.  J.  Anat.  153.  391-430. 

Tapp  z.  M.  L.,  M.  Wassef.  W.  H.  Oerill,  L.  Paut, 
ani  J.  F.  Pujol  (1983)  Light-  and  electron-micro¬ 
scopic  immunocytochemistry  of  glutamic  acid  de¬ 
carboxylase  (GAD)  in  the  basal  hypothalamus: 
Morphological  evidence  for  neuroendocrine  gamma- 
amirobutyrate  (GABA).  Neuroscience  9:  271-287. 
van  den  Pol.  A.  N.  (1991a)  Glutamate  and  aspartate 
immunoreactiviry  in  hypothalamic  presynaptic  axons. 
J.  Neurosci.  11:  2087-2101. 
van  den  Pol,  A.  N.  (1991b)  The  suprachiasmalic  nu¬ 
cleus:  Morphological  and  cytocherrucal  substrates  for 
cellular  interaction.  In  Suprachiasmalic  Nucleus:  The 
Minds  Clock.  D.  C.  Klein.  R.  Y.  Moore,  and  S.  M. 
R.-ppert.  eds..  pp.  17-50.  Oxford  University  Press. 
Oford. 

van  den  Pol.  A.  N.,  and  F.  E.  Dldek  (1993)  Cellular 
c  mmunication  in  the  circadian  clock.  Neuroscience. 
In  press. 

van  den  Pol.  A.  N..  S.  M.  Finkbeiner,  and  A.  H. 
Ccrnell-Beix  (1992a)  Calcium  excitability  and  os¬ 
cillations  in  suprachiasmalic  nucleus  neurons  and  glia 
in  vitro.  J.  Neurosci.  12:  2648-2664. 
van  den  Pol.  A.  N..  I.  Hermass-Borgmeyer.  and  S. 
H  etnem asn  ( 1 992b)  Glutamate-receptor  gene  expres¬ 
sion  in  hypothalamus:  In  situ  hybridization  with  7 
receptor  subtypes.  Soc.  Neurosci.  Abstr.  18:  90. 
van  den  Pol.  A.  N..  I.  Hermans- Borgmeyer.  M. 
Hofer,  and  S.  Heinemann  (1993a)  Ionotropic  gluta¬ 
mate-receptor  expression  in  hypothalamus:  Localiza¬ 
tion  of  AMPA.  kainate,  and  NMDA  receptor  RNA 
with  in  situ  hybridization.  Manuscript  submitted  for 
publication. 

van  den  Pol,  A.  N.,  L.  Kogelman,  C.  Blackstone. 
and  P.  Ghosh  (1993b)  Metabotropic  glutamate  recep- 
i  t  expression  in  the  developing  hypothalamus.  Soc. 
Neurosci.  Abstr.  In  press. 

van  den  Pol,  A.  N.,  and  P.  Q.  Trombley  (1993)  Gluta- 
i.:ate  neurons  in  hypothalamus  regulate  excitatory 
ansmission.  J.  Neurosci.  13:  2829-2836. 
van  den  Pol,  A.  N.,  and  K.  Tsujimoto  (1985)  Neuro- 
•  ansminers  of  the  hypothalamic  suprachiasmatic  nu- 
.  :cus:  Imraunocytochemical  analysis  of  25  neuronal 
itigens.  Neuroscience  15:  1049-  1086. 
van  den  Pol,  A.  N..  J.  P.  Wuarin,  and  F.  E.  Dudek 
(1990)  Glutamate,  the  dominant  excitatory  transmitter 
in  neuroendocrine  regulation.  Science  250:  1276- 
1278. 


I/" 

1/ 

\S 


\s 

\S 


SI5 


